Abstract-Micro-bubbles have been widely used in microfluidic systems. In this paper, we propose a micromanipulation technique based on opto-thermally generated bubbles in open chip environment. Micro particles can be captured and moved effectively with a bubble by modulating the position of the laser spot. Analysis, simulations and experiments are involved. This technique doesn't require complicated equipment or chip, and is supposed to be applied for micro assembly, particle separation and transmission.
I. INTRODUCTION
Micro and nano bubbles have many unique characters and thus attracted much more attention since the nano bubbles were observed by atomic force microscopy [1, 2] . Bubbles at micro and nano meter scale can exist stably on the hydrophobic surfaces in water, despite the high internal gas pressure may cause their dissolution predicted by the Laplace equation [1] . The different properties make bubbles useful in various microfluidics techniques, such as microfluidic computer [3] , pumps [4, 5] , mixers [6, 7] , valves [8, 9] , and multi-functional microfluidic systems [10, 11] .
Microbubbles can be applied to manipulation of particle and cell by the force of fluidic flow around the bubbles and the surface tension force of the bubbles [12] [13] [14] [15] [16] . Bubble microrobots can complete the task of micromanipulation and micro-assembly which are optically controlled in a fluidic chamber [12] . Particles can be trapped and manipulated via an opto-thermally generated bubble, whose position is controlled by the laser spot [13] . The localized acoustic streaming around an acoustically actuated bubble near the targeted cells is used for probing cell deformability as well [14] . The fluidic chamber covered with top glass limited the application of the micro-bubble manipulation, nevertheless. To overcome the shortcoming, several groups performed the research of controlling bubbles in open chip environment. Microrobots made of hydrogel actuated by vapor bubbles are employed to pattern yeast cells and cell-laden gels [15] . When a bubble generates in the liquid reservoir, the opto-thermocapillary flow are capable of manipulating and patterning single cell [16] . However, these manipulators in open chip environment
In this paper, we develop a bubble-based manipulator in open chip environment, which can trap and transport multiparticles simultaneously via an optically controlled bubble. Theoretical analysis and simulations of radiation and convective flow in the liquid are involved. Micro-bubbles generate and exist stably on the interface of solid and liquid, and the position of the bubbles can be changed by moving the laser spot. The experimental results verify the effectiveness of the bubble-based manipulator, which is expected to be applied for micro assembly, particle separation and transmission.
II. EXPERIMENTAL SETUP
The system setup is shown in Fig.1 . A semiconductor laser (405 nm wavelength, 1~400 mW power) is fixed to the stage. The function of objective lens 1 (25X, NA=0.40) is to focus the laser to a spot. To reject the laser light, a long pass filter with 450nm cut-on wavelength (FELH0450, Throlabs, USA) is placed between lens 2 (10X, NA=0.28) and microscope (1-60191D, Navitar, USA). The images are recorded by a CCD camera (FL2G-13S2, Pointgrey, Canada) connected to computer. The chip is consists of a 3-mm-thick glass substrate sputtered with a 50-nm-thin film layer of gold, and a small reservoir (3cm×2cm×1cm) filled with deionized water. The wall is made of polyvinyl chloride (PVC). The role of gold layer in our experiments is to absorb heat from laser and transfer to water. A bubble is generated at the metal-water interface when the liquid near the laser spot is heated [13] . A 4-axis platform is used to change the position of laser spot, and then the opto-thermally generated bubble can travel along the specified path. Micro-balls can be captured and moved by the bubble.
III. SIMULATION
To discover the temperature distribution and the convective flow pattern around a bubble, we employed Computational Fluid Dynamics software (ANSYS Fluent) to conduct simulations.
A. Model of Bubble
We revealed the shape of the bubble at the solid-liquid interface firstly. As shown in fig. 2 , the diameter (D) of bubble and the height difference between the center of part-spherical bubble and the interface (H) are measured by a microscope (KH-7700, Hirox, Japan). Bubbles in different size indicate that H≈1/2 D, for one, D= 235µm and H = 58µm. 
B. Results of Simulations
A simplified model of the liquid was used to simulate the heat transfer and convective flow in the water. The twodimensional (2D) area is 2 mm in length and 1 mm in height, and the bubble is arranged at the bottom of the middle. Discrete transfer radiation (DTRM) model is chosen in this case. The constant temperature of the bubble-water interface is set as 350K and the boundary temperature of liquid is 300K.
The simulation results are described in fig. 3 . Because of the high temperature of bubble, heat flows from bubble-liquid interface to the boundary of the liquid. As shown in fig. 3a , the temperature and the temperature gradient in the area next to bubble are both highest. That is, the farther away from the bubble, the lower heat exchange rate is. As a result of heat exchange, convective flow is formed in water. We informed that the highest possible speed of circuit flow in the liquid is about 20 mm/s from fig. 3b . The convective flow can provide drag force to attract particles around the bubble.
IV. RESULTS AND DISCUSSION

A. Expansion of Bubble
A bubble is generated at the spot, seconds after the laser (405 nm wavelength, 200mW power) is on. As irradiation is ongoing and laser spot kept unchanged, the diameter of bubble increases with the laser irradiation time [17] . The expansion process of the bubble is shown in fig. 4 and tab. 1. In the first 5s, the diameter of bubble doubled, then the speed of increase of diameter slows down gradually.
A model is built to explore the relationship between the diameter of bubble and the laser irradiation time, according to the Lifshitz-Slyozov-Wagner (LSW) theory [18] . Fig. 4 . Process of the bubble generation and expansion.
As shown in fig. 5 , the experimental date agrees to the theoretical curve obtained from mathematical software (MATLAB) strongly. 
B. Manipulation of Particles via Bubble.
A bubble can move along an arbitrary trajectory on the solid-liquid interface, for the position of laser spot can be changed by a movable stage, and the opto-thermally generated bubble goes after the laser spot. Fig. 6 shows the process of an optically controlled bubble following the path of square. To ensure the stable travel of the optically controlled bubble, the power of laser should be no less than 250mW, or there will be hysteresis between the bubble' and laser spot' motion. The intensity of laser in fig. 6 is 300mW. Once a bubble is generated at the solid-liquid interface, the particles distributed around the bubble can be dragged towards the bubble by the action forces caused by the flow of water. When the objects get in touch with the bubble, the surface tension forces of the bubble will be applied to the targets immediately. The surface tension forces guarantee that the captured particles can move with the optically controlled bubble. As shown in fig. 7 , a micro-ball marked with white circles is trapped and transported by a bubble. Moreover, fig. 8 illustrates the ability of the bubble-based manipulator to manipulate multiple beads synchronously. Dotted curves denote the position of micro-particles. The diameter of the barium titanate glass balls in fig. 7, 8 is 70 -100µm, and the power of the laser used is 300mW. 
V. CONCLUSION
A micro-manipulation technology using opto-thermally generated bubble in open chip environment is proposed in this paper. This technique is uncomplicated and easy to realize, and does not require specific equipment or chip. In our system setup, a laser beam is focused at the gold-water interface in the chip, then the high intensity of power promotes the generation of bubble. Convective flow is consequently formed because of the heat exchange in the liquid. Therefore, target objects are pulled and trapped by the forces of convection and bubble's surface tension. Since the laser spot is movable, particles can be manipulated by the optically controlled bubble. In addition, the convective flow pattern and temperature distribution around the bubble are revealed by simulations. A function of the diameter of static bubble and the laser irradiation time is built. The results of experiments demonstrate the capability of this manipulation method. The bubble-based manipulator in unclosed chip environment is expected to role as a transporter for particle separation and transmission, which also could be collaboratively used in open operating environment of other scientific instruments, such as atomic force microscopy and scanning ion conductive microscopy.
